Abstract Adipocytes express high levels of the HDL scavenger receptor class B type I in a differentiation-dependent manner. We thus have analyzed the routes of HDL cholesterol trafficking at different phases of adipocyte differentiation in the 3T3-L1 cell line. One novel and salient feature of this paper is the observation of a widespread distribution in the cell cytoplasm of Golgi markers, caveolin-2, and a fluorescent cholesterol analog NBD-cholesterol (NBD-chol), observed in the early phases of adipocyte formation, clearly distinct from that observed in mature fat cells (i.e., with fully formed lipid vesicles). Thus, in cells without visible lipid droplets, Golgi markers (Golgi 58K, Golgin 97, transGolgi network 38, Rab 6, and BODIPY-ceramide), caveolin-2, and NBD-chol all colocalize in a widespread distribution in the cell. In contrast, when lipid droplets are fully formed at latter stages, these markers clearly are distributed to distinct cell compartments: a compact juxtanuclear structure for the Golgi markers and caveolin-2, while NDB-chol concentrates in lipid droplets. In addition, disorganization of the Golgi using three different agents (Brefeldin, monensin, and N -ethyl-maleimide) drastically reduces NBD-chol uptake at different phases of adipocyte formation, strongly suggesting that the Golgi apparatus plays a critical role in HDL-mediated NBD uptake and routing to lipid droplets. -Dagher, G., N. Donne, C. Klein, P. Ferré, and I. Dugail. HDL-mediated cholesterol uptake and targeting to lipid droplets in adipocytes. J. Lipid Res. 2003. 44: 1811-1820.
Cholesterol is a crucial component of cell membranes, and as such plays a key role in the regulation of signal transduction (1) and gene expression (2) . The homeostasis of cell cholesterol is maintained through complex mechanisms that imply biosynthesis, uptake, and constant recycling between membranes. Many intracellular organelles take part in the regulation of cholesterol trafficking. Among these, the endosomal lysosomal pathway is involved in the uptake of exogenous cholesterol from LDL; caveolae are engaged in cholesterol trafficking to and from the plasma membrane; the endoplasmic reticulum (ER), where some of the enzymes of the cholesterol biosynthetic pathway reside, is of particular importance because it includes a cell cholesterol sensor system linked to the cleavage activating protein sterol-regulatory element binding proteins (SREBP) system (3); and the Golgi apparatus plays a crucial role in sorting processes (4) (5) (6) (7) . Recently, previously unrecognized organelles have been identified as new players in cholesterol traffic: the cytoplasmic lipid droplets (8) .
The adipocyte is the unique cell type in which triglyceride-rich lipid droplets are present continuously and physiologically in the cytoplasm. Free cholesterol is also found in adipocyte lipid droplets (9, 10) . On the other hand, the intracellular distribution of cholesterol between the plasma membrane and the lipid droplet is altered in pathological states such as obesity, as pointed out by previous studies from our laboratory (11) . As a signature of this defect, we have shown that the cholesterol-regulated transcription factor SREBP-2 was selectively activated in hypertrophied adipocytes from obese rodents. In addition, we have shown that some metabolic abnormalities that characterize adipocyte dysfunction in obesity can be mimicked in normal fat cells by altering their intracellular cholesterol balance (12) . For these reasons, we thought that the adipocyte cell type might provide useful information on the intracellular cholesterol trafficking. We took advantage of the existence of committed adipose cell lines that undergo adipose differentiation in culture to investigate the targeting of cholesterol to lipid droplets. Because adipocytes accumulate cholesterol from exogenous sources and express high levels of the HDL scavenger receptor class B type I (SR-BI) (13, 14) , we examined the targeting of an HDL-associated fluorescent cholesterol analog, NBDcholesterol (NBD-chol), to the lipid droplets at different stages of the adipocyte differentiation program.
The results of this study show that the distribution of the Golgi complex, caveolin-2, and cholesterol exhibit marked changes in distribution during the differentiation process of adipocytes. The Golgi complex and caveolin-2 exhibit a dispersed distribution and colocalization with cholesterol in the first phase of adipocyte formation. In contrast, in fully differentiated lipid laden cells, the Golgi complex, as well as caveolin-2, occupies a juxtanuclear location, while cholesterol distributes preferentially in lipid droplets. These data suggest that the intracellular routes of HDL cholesterol significantly differ during fat cell differentiation, and that different mechanisms targeting cholesterol to the lipid droplets might exist, depending on its maturation.
MATERIALS AND METHODS
Human plasma HDLs were obtained from Calbiochem, La Jolla, CA. NBD-chol, [22- 
Cell culture conditions
3T3-L1 mouse preadipocytes (2 ϫ 10 4 cells/well) were grown to confluence on either glass coverslips or 8-well Labtek plates (PolyLABO, France) in high-glucose DMEM supplemented with 10% FBS, 20 mM HEPES, and 100 U/ml penicillin/streptomycin. Differentiation of confluent preadipocytes (designated as day 0) was induced by adding methyl-isobutylxanthine (100 M), dexamethasone (0.25 M), and insulin (1 g/ml) to the above solution. After 48 h, the culture medium was replaced with DMEM supplemented with 10% FBS and 1 g/ml of insulin for 1-12 days. As previously described, cytoplasmic triglyceride droplets were visible by day 4, and 70% to 80% of cells were fully differentiated by day 8 (16) . Cells were studied at three different phases of adipocyte differentiation. Phase I comprises days 3-4 after induction of differentiation [i.e., days 1-2 after 1-methyl-3-isobuthylxanthine (MIX)-dexamethasone (DEX) retrieval]. At this stage, no lipid droplets could be observed in the cytoplasm. Phase II and phase III refer to days 7-10 and days 12-14, respectively, after retrieval of MIX-DEX. At these latter phases, cells were fully differentiated and displayed the characteristic lipid droplets of adipocytes.
HDL preparation
HDLs loaded with NBD-chol were reconstituted as described previously (17) . In brief, 5 M NBD-chol was incorporated into human HDL (Calbiochem), and the NBD-chol-loaded HDLs were obtained after ultracentrifugation and extensive dialysis against serum-free culture medium. The protein concentration of NBD-chol-loaded HDL was determined according to Bradford using BSA as a standard (18) .
Confocal visualization of NBD-chol uptake and efflux
To assess the uptake and HDL-derived accumulation of NBDchol, 3T3 adipocytes were incubated in DMEM and 10% lipoprotein-deficient serum (LPDS) at 37 Њ C in the presence of HDL loaded with 5 M NBD-chol. LPDS was prepared by ultracentrifugation as described elsewhere (12) . NBD-chol uptake kinetics were determined using laser confocal fluorescence microscopy on single, living cells. A field on the coverslip chamber containing 10-15 cells was randomly selected, and the position of the microscope objective was focused to view the median section of the cells. Twelve sets were analyzed from a single differentiation. At least five sets of differentiated cultures were recorded for each condition. Cholesterol influx was initiated by addition of NBDchol and was followed by acquisition of digital images at different time intervals using a time course module (Zeiss AIM software). The average pixel intensity [reactive oxygen intermediates (ROI)] of each single-cell as a function of time was determined using Zeiss software and expressed as mean Ϯ SE. The kinetic of NBD-chol uptake was analyzed by the Marquardt algorithm using UltraFit software from Biosoft (Cambridge, UK). The calculated time constants were analyzed statistically using Student's t -test.
Adipose tissue expresses very low levels of ACAT mRNA (19) and virtually no ACAT activity (20) . Given that adipocytes have a very low ability to esterify cholesterol, and that 3T3-L1 adipocytes contain essentially free cholesterol (9), intracellular fluorescence is considered to be caused by intact, internalized NBDchol.
In some experiments, cellular NBD-chol efflux was evaluated as follows: cells were incubated in the presence of HDL NBDchol (5 M) for 2 h. Before each efflux experiment, cells were washed three times with DMEM. NBD-chol and efflux kinetics were determined using laser confocal fluorescence microscopy on single, living cells. A field on the coverslip chamber containing 10-15 cells was randomly selected, and the position of the microscope objective was focused to view the median section of the cells. Twelve sets were analyzed from a single differentiation. At least three sets of differentiated cultures were recorded for each condition. Cholesterol efflux was initiated by the addition of cholesterol-free HDL and was followed by acquisition of digital images at different time intervals using a time course module (Zeiss AIM software). The average pixel intensity (ROI) of each single cell as a function of time was determined using Zeiss software and expressed as mean Ϯ SE as described for the uptake experiments. The NBD-chol basal rate was assessed in the absence of HDL and subtracted from that observed in the presence of HDL.
Effects of various pharmacological agents on cholesterol flux and traffic
To study the involvement of cellular energy in the uptake of NBD-chol, 3T3 adipocytes were depleted of their intracellular ATP stores by incubation in glucose-free DMEM with 50 mM deoxyglucose (2 h), 50 M orthovanadate (90 min), or 3 mM sodium azide (30 min).
To determine whether cholesterol uptake is mediated by the Golgi complex, we assessed NBD-chol uptake in the presence of Brefeldin (2 g/ml, 30 min) and of monensin (5 M, 30 min). These compounds are known to disrupt the organization of the Golgi complex and were added for the indicated time before exposure to NBD-chol. The effects of cytochalasin D (20 M, 60 min), a compound known to disrupt the actin network (21) , and N -ethyl-maleimide (NEM) (1 mM, 20 min), a V-type ATPase inhibitor (22) , on NBD-chol influx were also assessed.
Fluorescent immunochemistry
Cells were grown to confluence on coverslips and differentiated as described above. To assess intracellular NBD-chol distriby guest, on October 20, 2017 www.jlr.org Downloaded from bution, cells were exposed to DMEM containing HDL NBD-chol (5 g/ml) for 1 h at 37 Њ C. Cells were then washed three times with PBS and fixed with formaldehyde in PBS (3%, 45 min.), followed by exposure to PBS plus glycine (50 mM, 30 min) and then PBS plus BSA (2%, 30 min). Cells were then permeabilized with saponin (0.1%, 5 min) in PBS. For immunolabeling, the cells were incubated in PBS containing one of the following antibodies: Golgi 58K ( 
Labeling of Golgi complex with BODIPY FLC 5 ceramide
Differentiated cells were loaded with 5 M BODIPY CFL 5 ceramide at 4 Њ C for 15 min, and the medium was then removed and cells washed three times with DMEM solution. The temperature was then increased to 25 Њ C. Immediately thereafter, the live cells were analyzed by fluorescence microscopy.
Fluorescence recovery after photobleaching
To measure the diffusional mobility of NBD-chol in membranes, we used the method of fluorescence recovery after photobleaching (FRAP). In brief, fluorescent molecules in a small area are irreversibly photobleached by an intense laser flash, and fluorescence recovery through the exchange of bleached for nonbleached molecules is measured using low-light illumination. Mobility parameters are then derived from the kinetics of fluorescence recovery, as described previously (24) . The mean fluorescence intensities are plotted per area over time, and the experimental data are fitted to the formula for one-dimensional diffusion (equation 1).
where I (t) is the fluorescence intensity as a function of time; zero of time t is taken as the midpoint of the bleach; I (final) is the final intensity reached after complete recovery; W is the strip width; and D is the effective one-dimensional diffusion constant. The diffusion constant D can be obtained directly by spreadsheet programs using least square minimization algorithms. The diffusion constant for NBD-chol was calculated for lipid droplets and cytoplasmic membranes in living cells and compared with that obtained for 2 Ј ,7 Ј -bis-(2-carboxyethyl)-5-(6)-carboxyfluorescein (BCECF), a fluorescent probe for intracellular pH. As a control, diffusion of NBD-chol to bleached region was assessed in paraformaldehyde fixed cells. Under these conditions, no recovery of fluorescence should be observed. Recovery was also assessed from the nucleus as a region devoid of a fluorescent probe.
RESULTS
The time course of NBD-chol uptake from HDL best fits a single exponential curve indicative of a first order relationship ( P Ͻ 0.001, a coefficient of determination equal to 0.959, and an F value of 189 ( Fig. 1 ) . The suitability of a second-and a third-order fit between the fluorescence intensity and time was also analyzed in detail, and in these instances, the P values were 0.51 and 0.80, respectively. First-order kinetic analysis of NBD-chol uptake in cells gives a time constant ranging from 0.01-0.09 min Ϫ 1 , with a mean Ϯ SD of 0.036 Ϯ 0.018 min -1 (n ϭ 90). Similarly, NBD-chol efflux from cells preloaded with fluorescent lipid followed first order kinetics with a time constant of 0.020 Ϯ 0.010 min -1 (mean Ϯ SD). Furthermore, addition of nonlabeled HDL competitively inhibits HDL NBD-chol uptake (Fig. 1C) . Similarly, addition of a neutralizing antibody to SR-BI significantly inhibits NBD-chol uptake (Fig.1C) . This suggests the involvement of SR-BI in the uptake of HDL-derived NBD-chol.
The distribution of NBD-chol in 3T3-L1 cells largely depends on the phase of differentiation. By 60 min of incubation with NBD-chol, many cells in phase I (with no clearly defined lipid droplets) showed prominent punctuate localizations throughout the cytoplasm ( Fig. 2A , B ) . In terminally differentiated adipocytes (phases II and III), highly fluorescent lipid droplets could be observed (Fig.  2C-H) . The pattern of NBD-chol distribution in these cells resembled that of lipid droplets visible by transmission microscopy (Fig. 2D, F) or stained with Nile red, a selective lipid droplet stain (Fig. 2H) .
In order to assess the involvement of cellular energy in the trafficking of cholesterol, cells in phase II were depleted of ATP by incubation with either deoxyglucose, Naazide, or Na-vanadate. These agents drastically reduced the uptake ( Fig. 3A ) and efflux (data not shown) of NBDchol. These data establish that HDL-derived cholesterol uptake in adipocytes is an energy-dependent process. On the other hand, cytochalasin D, known to interfere with actin-type filaments, (21) did not significantly modify HDL cholesterol uptake (Fig. 3B) .
Intracellular trafficking of NBD-chol
The routes of HDL-derived sterols to the adipocyte lipid droplet are not yet characterized. In this study, we wished to assess the involvement of several cell structures in this trafficking. First, we ensured that under our experimental conditions, the routing of NBD-chol did not follow the lysosomal pathway, which is known to be involved mainly in LDL uptake. To this end, cells were labeled with LysoTracker Red, and NBD-chol uptake from HDL was followed for a period of 60 min. No colocalization of cholesterol within lysosomes could be observed during this time interval. Figure 4 depicts lysosomal distribution (Fig. 4A ) and NBD-chol (Fig. 4B) at 60 min after initiation of NBD-chol uptake, with no colocalization between these two fluorescent dyes (Fig. 4D) . These results suggest that uptake and routing of sterol from HDL follows a pathway different from that of LDL.
We next wished to determine the role of the Golgi complex in the uptake, intracellular transport, and storage of HDL-derived NBD-chol in adipocytes. Cells were pretreated with several agents known to disrupt Golgi function and structure. These include Brefeldin A (BFA) (25) and monensin, which disorganize the Golgi complex. As shown in Fig. 3B , treatment with BFA or monensin drastically reduced cholesterol uptake by these cells, thus implicating the Golgi complex in this process and possibly in intracellular trafficking. A similar reduction in the rate of NBD-chol uptake was observed with NEM ( Fig. 3B) , reported to inhibit the NEM-sensitive factor involved in the transport of molecules from the TGN to other cell organelles (26) .
We next assessed the colocalization of NBD-chol with the Golgi complex using antibodies to Golgin 97. Interestingly, in phase I, when no visible lipid droplets have yet accumulated in cells, fluorescent labeling with antibody to Golgin 97 revealed a dispersed Golgi complex spread all over the cytoplasm, and NBD-chol was found to be colocalized within these Golgi structures ( Fig. 5A-C ) . The percent of cholesterol colocalized with Golgi (chol/Golgi) in phase I was 86% while that of Golgi/chol was 57% (Fig.  5C) . In phase II, antibody to Golgin 97 was dispersed in the cytoplasm, and NBD-chol was localized in nascent lipid droplets and cytoplasm. (Fig. 5D-E) . Whereas the Golgi complex formed a compact juxtanuclear structure in phase III cells (Fig. 5G-I ), NBD-chol is present primarily in lipid droplets (Fig. 5H ) with no colocalization (Fig. 5I) .
In order to further establish the scattering of the Golgi complex in phase I, we used either a live marker of the Golgi complex (BODIPY FLC 5 ceramide) or several antibodies to Golgi markers: Golgi 58K, Rab 6, or TGN 38. As shown in Fig. 6 , a scattered pattern of all of these antibodies was observed in the cytoplasm, strongly suggesting a dispersed Golgi complex in cells in phase I of the differentiation process (Fig. 6A-C) . Similar patterns were obtained using BODIPY ceramide in living cells (Fig. 6D) , thus validating the distribution observed by immunofluorescence in fixed cells. This markedly differs from the juxtanuclear location of the Golgi complex in phase III cells with prominent lipid droplets (see Figs. 5G, 6E ). Projections of confocal serial sections of cells in phase I showed that the different fluorescent Golgi markers were scattered over the entire volume of the cell, excluding the nucleus, and were colocalized with NBD-chol (data not shown). These data establish that the distribution of Golgi complex exhibits marked changes during the differentiation process. A dispersed distribution colocalized with cholesterol was observed in phase I, whereas in fully differentiated lipid laden cells, cholesterol segregates from the juxtanuclear Golgi complex and distributes preferentially in lipid droplets.
Labeling of caveolin-2
Caveolins are cholesterol binding proteins and have been shown to be distributed mainly at the plasma membrane and also in the Golgi complex. They exist as three distinct isoforms, caveolin-2 being the most abundant subtype in adipocytes (27, 28) . In order to further document the differential localization of cholesterol and Golgi markers during the course of adipocyte differentiation, we stained cells for caveolin-2. In phase I cells, endogenous caveolin-2 was detected by immunostaining with a monoclonal an- tibody against human caveolin-2 (mAb 65), exhibiting a scattered distribution and colocalizing with NBD-chol ( Fig. 7A -C ) . During later phases, NBD-chol was mainly present in lipid droplets while caveolin-2 exhibited a marked juxtanuclear distribution and was also observed at the cell membrane (Fig. 7D-F) . Thus, the distribution of caveolin-2 at different phases resembles that of Golgi markers.
Lateral mobility of NBD-chol
Because NBD-chol was found to be distributed throughout the cytoplasm and colocalized with the Golgi complex in cells at phase I, we wished to assess whether the probe was integrated to membranous elements rather than clustered in micelles in the cytosol. Fluorescent recovery after photobleaching was used to measure the rate at which NBDchol diffused into photobleached areas. Figure 8 depicts FRAP of NBD-chol. Outlined areas were irreversibly photobleached by an intense laser flash, and fluorescence recovery through exchange of bleached for nonbleached molecules was assessed in the cytoplasm and in lipid droplets. As a control, an area of the nucleus devoid of NBDchol was also photobleached. The value of diffusion constant (Fig. 8D ) was calculated as described in the Materials and Methods. The mean value of D Ϯ SD in the cytoplasm was 0.13 Ϯ 0.12 ϫ 10 Ϫ8 cm 2 sec Ϫ1 . When calculated separately for lipid droplets, it was 0.08 Ϯ 0.06 ϫ 10 Ϫ8 cm 2 sec Ϫ1 and 0.46 Ϯ 0.32 ϫ 10 Ϫ8 cm 2 sec Ϫ1 for cytoplasm (P р 0.05, n ϭ 8). These values are of a magnitude similar to those observed for membrane-integrated elements, such as NBD-phosphatidylserine, NBD-phosphatidylcholine, neutral lipids, cholecytokinin, or laminin receptor (24, (29) (30) (31) . In contrast, recovery from photobleaching of BCECF was instantaneous (10 5 cm 2 sec Ϫ1 ) in accordance with values obtained for diffusion of molecules in liquid phase (data not shown). As expected, no recovery could be observed in formaldehyde-fixed cells, which blocked the movement of the probe (data not shown), or in the nucleus, which was devoid of a fluorescent probe.
DISCUSSION
In this study, we wished to investigate the intracellular routes through which exogenous cholesterol is targeted to lipid droplets in an adipocyte cell. For this purpose we Interestingly, the results of the present investigation provide novel evidence for differential localization of Golgi markers, caveolin-2, and NBD-chol during the fat cell differentiation process. On the other hand, influx of HDL-derived NBD-chol into adipocytes is an efficient, ATP-dependent process that requires a functional Golgi apparatus.
This study shows that in 3T3-L1 adipocytes, the uptake of NBD-chol from HDL requires SR-BI, as an antibody to this latter significantly inhibits this uptake. This receptor functions as a docking receptor for HDL, is highly expressed in cells, and was found to promote the selective uptake of HDL cholesterol esters to cells (13, 14) . Once internalized by differentiated fat cells, NBD-chol rapidly distributes throughout the cytoplasm and targets lipid droplets through a route that is independent of lysosomes. This targeting requires a functional Golgi apparatus, as it is inhibited by BFA, monensin, and NEM, all known to disorganize the Golgi complex, and is an ATPdependent process.
One novel and salient feature of the present study is that during the early phase of adipose maturation, a unique distribution of Golgi markers, caveolin-2, and NBD-chol occurs, clearly distinct from that observed in mature fat cells (i.e., with fully formed lipid vesicles). Thus, in the very first days following fat cell differentiation in cells without visible lipid droplets, a scattering of the Golgi apparatus across the cytoplasm is observed using different antibodies to Golgi structures (TGN 38, Rab 6, Golgin 97, and Golgi 58K). Similar results were obtained in living cells using BODIPY-ceramide. Furthermore, NBD-chol was found to be colocalized with the widespread Golgi structure. Similarly, in the first phase of differentiation, caveolin-2 showed a scattered cytoplasmic distribution and a high colocalization with NBD-chol. At a later stage, when lipid droplets are fully formed, NBD-chol gradually concentrates in these droplets, while the Golgi complex shows an expected juxtanuclear localization. Caveolin-2 labeling also concentrates near the nucleus, probably in the Golgi complex. A cell at phase II of differentiation, loaded with NBD-chol, was imaged with an attenuated laser on a confocal laser-scanning microscope. One image was taken prior to the photobleach during which the outlined box was then illuminated with full laser power. Immediately after the bleach, the cell was imaged again with low-light levels until recovery was complete. Calculated fluorescence intensity in the bleached strip before and after photobleach is plotted against time for the cytoplasm (1), lipid droplet (2), and NBD-chol-free nucleus (3), and is inhibited in the presence of unloaded HDL. A neutralizing SR-BI antibody with partially inhibited cholesterol uptake and distribution to lipid vesicles, together with the fact that HDL-mediated NBD-chol does not colocalize with lysosomes and its influx is inhibited, strongly suggests that this uptake is different from that specific to LDL.
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Golgi stacks were reported to break down and reform during vertebrate mitosis (32) (33) (34) . In several cell types, the process of Golgi dispersal and reaggregation occurs within hours during cell division; however, in the present study in 3T3-L1 differentiated cells, the scattering is present for several days, suggesting that it might not be related to mitosis per se. The adipocyte differentiation program is known to involve several distinct phases. As preadipocytes reach confluence, they enter a temporary quiescent state that appears to be a prerequisite for subsequent differentiation. This cell cycle arrest, however, is overcome by mitotic and adipogenic inducers. Thus, upon addition of the differentiation inducers, i.e., a combination of isobutylmethylxanthine, dexamethasone, and a high level of insulin, the cells reenter the cell cycle and undergo two to three rounds of mitosis, referred to as mitotic clonal expansion (35) . Several studies have reported that cell division in 3T3-L1 occurs during the first 48 h after induction of differentiation (i.e., after addition of MIX-DEX insulin) (36) (37) (38) . The results presented in this study show that the dispersal of Golgi elements in phase I is observed at days 1 through 4 after retrieval of adipogenic agents. This long-lasting event is unlikely to be concomitant to mitosis or clonal expansion per se, however; the cell cycle stages need to be assessed before reaching any definitive conclusion.
The role of the fragmentation of the Golgi in cell biological processes is yet unclear. The colocalization of NBD-chol with the Golgi elements at the first phase of adipocyte differentiation, together with the inhibitory effect on NBD-chol influx of monensin, Brefeldin, and NEM, strongly suggests that the Golgi participate in the traffic and routing of cholesterol to lipid droplets. A number of studies have suggested that the Golgi apparatus has an important role in regulating intracellular cholesterol homeostasis. For instance, the Golgi apparatus contributes to the transport of endogenously synthesized cholesterol enroute to the plasma membrane (4). Other studies indicate that the Golgi apparatus is involved in apolipoprotein-mediated cholesterol efflux (6, 7) . Finally, recent studies indicate that LDL-derived cholesterol is transported from clathrin-coated vesicles into intermediatedensity vesicles that contain markers for the TGN before reaching plasma membrane caveolae (5) . The present study shows novel data suggesting that the Golgi elements could play a major role in NBD-chol uptake from HDL, and possibly their trafficking to the lipid droplets. Whether scattering of the Golgi elements is required for or does participate in lipid vesicle formation deserves further investigation.
NBD-chol was reported to be a useful probe for monitoring HDL-mediated cholesterol influx and efflux (39, 40) ; however, some concerns have been raised about the ability of NBD-chol to mimic natural cholesterol distribution (41, 42) . In this regard, Mukherjee et al. reported that NBD-chol and dehydroergosterol (DHE), a naturally occurring fluorescent sterol, distribute differently in Chinese hamster ovary cells (42) . In contrast, Frolov et al. reported a similar distribution of these two fluorescent probes in L fibroblasts (40) . In addition, NBD-chol traffics by similar uptake as well as secretory pathways in L cell fibroblasts and CaCo2 cells (10, 39, 40, 43) . In this study, control experiments showed a similar distribution in the cytoplasm of DHE and NBD-chol (data not shown). On the other hand, several factors were reported to determine the incorporation of fluorescent sterols to membranes. The thickness and curvature of reconstituted membranes affected the incorporation of NBD-chol in these structures (44) . While the mode of delivery of DHE to the cell determined its incorporation to plasma membranes (45), to our knowledge there is yet no fluorescent analog that exactly reflects native cholesterol distribution and metabolism. There are clearly limitations to the use of NBD-chol, but this probe offers some desirable properties, and one should be careful before drawing conclusions concerning native cholesterol.
Caveolin directly binds cholesterol and represents the major structural component of caveolae in vivo (27, 28) . It has been proposed that caveolins participate in vesicular trafficking events and signal transduction processes by acting as scaffolding proteins to organize and concentrate cholesterol and glycosphingolipids within caveolar membranes (46) . Lipid rafts are organized mainly at the level of the plasma membrane, but they can also form within internal membrane compartments, such as the Golgi apparatus (47) . Furthermore, there is compelling evidence that caveolin-1 and caveolin-2 are present at the Golgi complex (48) (49) (50) . Our results are in accord with this scheme, as caveolin 2 colocalizes with NBD-chol and is scattered all over the cytoplasm in the first phase of adipocyte formation. At later phases of adipocyte formation, it concentrates at a juxtanuclear location in what resembles the Golgi complex.
Recently, lipid rafts and caveolae have received much attention as potential regulators and organizing centers for signal transduction and membrane trafficking pathways. In this regard, Fujimoto et al. reported that caveolin-2 is targeted to the surface of lipid droplets (51) . These results suggest that lipid droplets are involved in the trafficking of cholesterol molecules mediated by caveolins. Ostermeyer et al. obtained similar results and postulated that ER targeting or ER retention of caveolin-1 allows caveolin-1 to be rerouted to lipid droplets, thereby preventing its accumulation within caveolae at the level of the plasma membrane (52) . This is of particular interest in regard to our present data, which point out that targeting of cholesterol to the lipid droplets in the initial phase of their formation involves a scattering process of the Golgi apparatus. Whether the initial routing of NBD-chol to lipid droplets from the disrupted Golgi apparatus requires transit via the ER was not addressed in this study. Several insights into HDL-mediated cholesterol uptake and trafficking have been obtained over the past few years; however, the mechanisms for these pathways have yet to be elucidated [as reviewed in ref. (53)].
In conclusion, this study points out distinct routing mechanisms of HDL-derived cholesterol in the early and late phases of adipocyte formation in which the structure of the Golgi complex plays a critical role. To what extent such changes in the distribution of the Golgi apparatus might participate, from cholesterol localization to the forming of lipid droplets, remains to be established.
